Introduction
Ellipsoid shaped single-bounce glass capillaries fabricated at CHESS have been used as achromatic Xray focusing optics for various applications at synchrotron beamlines. Such capillaries provide high demagnification and a single short focal length in both transverse directions. The 360 degree azimuthal acceptance angle provides a large numerical aperture for an achromatic X-ray optic in comparison to mirrors. Capillary fabrication at CHESS can be customized according to specific application requirements. Single-bounce capillaries support a wide range of applications, including microbeam X-ray fluorescence [1] and tomography [2] , confocal X-ray microscopy [3.4] , microcrystallography [5] , microbeam small-angle X-ray scattering (μSAXS) [6, 7] , microbeam highresolution X-ray diffraction and standing wave technique [8] , high pressure studies with diamond anvil cells [9] , microbeam grazing-incidence wide-angle X-ray scattering (μGIWAXS) [10] , full-field transmission X-ray microscopy (TXM), X-ray emission spectroscopy, etc. Exemplary applications will be reviewed in following from the focusing optics perspective.
Exemplary applications of CHESS single-bounce capillaries

Using capillaries as primary focusing optics
The quality of capillary optics is well matched for a variety of applications at CHESS. Currently, CHESS typically operates in a dual-beam (electron and positron) mode. As a result, the FWHM source sizes at CHESS are approximately 1 mm vertically, and in a range of 1.5 to 3.5 mm horizontally. CHESS beamlines vary in length over a range of 12 -42 m. For example, with a source size of 2 mm and source distance of 20 m, a 5 μm focus would require a demagnification of 400 and a 50 mm focal length, which is well matched to the capabilities of capillaries. Given an angular source size of 
Using capillary as secondary focusing optics
The three protein crystallographic beamlines at CHESS (A1, F1 and F2) all have horizontal and vertical focusing. The beam sizes at sample positions are in the range of 0.2 -0.3 mm (V)  1 -2 mm (H), with focusing divergences of about 0.5 mrad vertically and 0.5 -2 mrad horizontally. With such a divergent beam, it is impossible using a simple aperture to make a microbeam smaller than 20 μm. However, a focus smaller than 20 μm has been achieved using capillaries as secondary focusing optics [5, 12] . Moreover, the capillary slope errors are negligible in these setups because they are smaller than the angular size of the beam intercepted by the capillary [12] . Single-bounce capillaries have also been used at 3 rd generation sources as secondary focusing optics, taking advantage of their large focusing NA to produce high flux microbeams. Generally speaking, capillaries are not ideal primary focusing optics at 3 rd generation sources, since the slope errors are large relative to the angular size of the source. However, the tolerances for secondary focusing optics are relaxed due to the increased angular size of the secondary source. Fig. 1(a) shows the commonly used secondary focusing configuration at 3 rd generation beamlines, often with an aperture to redefine the secondary source for downstream optics. An alternative configuration may be used, as shown in fig.1(b) , with the secondary source at the capillary to maximize flux acceptance. With this configuration, the secondary focal size is = * , where F is the focal length of secondary optics and θ is the incident beam divergence [13] .
A demonstration experiment has been done at the Advanced Photon Source (APS), beamline 18ID (BioCAT), where the radiation from APS undulator A was focused horizontally by a sagittal crystal and vertically by a bimorph mirror. With a CHESS capillary located at the secondary source, 42% of all incident flux was successfully focused into a 10 μm spot [14] . This specific capillary, however, had significant figure errors, yielding noticeable structure in the far-field image. A capillary with negligible slope errors relative to the 90 μrad (H) by 60 μrad (V) angular size of the secondary source would be expected to produce a 3 μm focal spot [13] at this setup. The focused flux could also be increased if a) the beamline primary optics were improved to reduce primary focus size, or b) a capillary with larger inside diameter commensurate with the primary focus were fabricated.
X-ray condenser for transmission X-ray microscopy
A capillary is an excellent optical element to provide incoherent illumination in a TXM system using a Fresnel zone plate (FZP) as objective lens. The resolution of hard X-ray TXMs at synchrotron beamlines has improved with the availability of high-resolution FZPs (which is constrained by the outermost zone width). APS 32ID uses a high-resolution objective FZP based on the zone doubling technique [15] , with an outermost zone width of 20 nm [16] . Compared to a previous 40 nm FZP, the NA of the condenser must be doubled, increasing the full divergence from 3.5 mrad to 7 mrad. A CHESS 8 mrad full-divergence capillary was provided to APS recently to match the 20 nm FZP, and the 30 nm structure of a test pattern was easily resolved with this TXM setup ( fig.2) . Using an integrated circuit test sample and the same beamline conditions and exposure times, a comparison experiment was also done between the 2 TXM configurations: a) 40 nm zone width FZP with a 3.5 mrad condenser and b) the 20 nm zone width FZP with a CHESS 8 mrad capillary condenser. The image taken with the 20 nm zone width FZP and 8 mrad capillary has better illumination uniformity and contrast than the image taken with 40 nm FZP and 3.5 mrad condenser. 
Miniature toroidal mirrors
The CHESS C-line source-to-sample distance is 14.5 m and beam size at the sample is typically set to 1 mm (V)  2 mm (H) using 1-to-1 vertical focusing and horizontal slits. A special 250 mm long capillary, with entrance diameter of 2.21 mm, was designed to increase the flux density at the sample as well as enhanced the energy resolution for analyzer-based X-ray emission spectroscopy applications by reducing the emitting source dimensions. The optic was aligned to illuminate the bottom 30% of the capillary inner surface, thus about 35% of the 1 mm by 2 mm incident beam cross section was accepted and focused to a 50 μm spot. Capillaries are also used as miniature toroidal mirrors at CHESS to create microbeams for scattering applications. For μSAXS, the focused beam divergence can be controlled using a set of slits upstream of the capillary, in order to limit X-ray illumination to a fraction of capillary inner surface [7] . The focused beam divergence can be measured from the far-field intensity distribution, and a symmetric 1 mrad divergence in both vertical and horizontal directions can be achieved. [7] . For μGIWAXS, the divergence control is less strict, and often it suffices to limit capillary acceptance to about a quarter of its full illumination. In both cases a typical beam size was 15 µm using an 8 mrad capillary with a gain of 700 and a working distance of 55 mm. For higher resolution, down to 10 µm, a 4 mrad capillary with 35 mm working distance was used [10] .
Current capillary development work at CHESS
CHESS is planning upgrades that will yield significant improvements to the source emittance. The quality of capillary optics needs to improve to keep pace with the expected improvements to the CHESS source. Years ago at ESRF, a sub-micron focal size was achieved using a capillary with a short 0.6 mm working distance [17] . At CHESS we are working to improve our capillary fabrication capability, with a goal of 1 μm focal size and multi-mm working distance. The smallest focal sizes we have achieved to date are 2.8 μm using a partially-illuminated capillary with 12 mm working distance [18] , and 4 μm using a fully-illuminated capillary with 17 mm working distance, as shown in fig.3 . We will improve the capillary puller so that high-quality capillaries with smaller slope errors can be fabricated for a large range of dimensions, from small ones optimized for 1 μm focal size to large ones that can be used as miniature toroidal mirrors.
Summary
CHESS capillaries are used in a wide range of applications, including recently as a condenser for a high-resolution TXM at the APS. Capillaries are suitable for many microbeam applications, and in some cases they provide significant advantages over alternative achromatic focusing optics. The potentials of capillary development in the near future include high-flux secondary microfocusing, smaller focusing approaching 1 μm with multi-mm working distance, miniature toroidal mirrors for higher acceptance and smaller focus, and TXM condensers.
